Introduction. Monitoring muscle stiffness in athletes can be a good method of assessing fatigue caused by high training loads, and the early detection of fatigue can help prevent the occurrence of micro-trauma in the muscles that can cause contusions. The research carried out by Wilson et al. [1] confirmed that an optimal level of muscle stiffness is significantly correlated with high muscle loads. The aim of the current study was to determine changes in muscle stiffness of the left and right thighs during six weeks of plyometric training (PT) in volleyball players. Material and methods. The study involved 16 volleyball players from the second-league Opole University of Technology Club (age = 21.12 ± 1.66 years, height = 191.62 ± 5.73 cm, and weight = 86.25 ± 6.66 kg) with at least five years of competitive experience (7.5 ± 2.44 years). Muscle stiffness was measured during three stages of the plyometric training using a MYOTON PRO device (Estonia). Results. An RM-ANOVA analysis showed a significant difference in the resting stiffness of the semitendinosus (posterior thigh) muscles of the left and right limbs before the plyometric training began, but no significant differences were found in the stiffness of these muscles in the fourth or sixth weeks of training. The results of the measurement performed for the anterior muscles of the thigh did not reveal a significant difference in the stiffness of the left limb compared to that of the right limb in subsequent weeks of training. Conclusion. The loads used in plyometric training in volleyball players caused a decrease in the differences in muscle stiffness between the left and right limbs, and in both limbs, adaptation trended towards an increase or a decrease in stiffness.
Introduction
Preparing professional volleyball players for participation in competitions requires undertaking rational actions with respect to developing the players' motor, technical, and tactical skills. The modern training process has to make it possible for players to sustain very high loads during the match, since increasing fatigue may cause players to make errors during the game. Adequate planning of the training of volleyball players for competitions involves selecting specific methods, maintaining appropriate proportions between training loads, competition loads, and effective recovery, as well as administering adequate dietary supplementation.
One of the ways of preventing muscle overload in athletes is monitoring muscle stiffness, which can be a reliable parameter for assessing fatigue caused by high training loads. Detecting fatigue early can help prevent micro-trauma in the muscles which can lead to contusions. The research carried out by Wilson et al. [1] has confirmed that an optimal level of muscle stiffness is significantly correlated with increases in muscle load. In the current study, the volleyball players completed a six-week plyometric training (PT) programme during the preparatory period before the season, and the effects of this programme were assessed by measuring the increases or decreases in the level of stiffness of the thigh muscles in both lower limbs. Studies involving young healthy men with low or moderate levels of physical activity [2] have shown that the relative ratio between the stiffness of the anterior and posterior thigh muscles is approximately 1:1. It was found that asymmetry amounting to 15% increases the risk of injury [3] . In other studies, asymmetry in muscle stiffness was 6%, and, as suggested by the authors [4] , such results indicate that an asymmetry of stiffness parameters amounting to 10% may be evidence of abnormalities in muscle stiffness in young healthy males who do not practise sports. Other research has confirmed that muscle stiffness asymmetry for the quadriceps in healthy older men is not high, and the differences between the dominant and non-dominant limbs amount to approximately 2.5% for all muscle parameters [5] .
Our innovative research into muscle stiffness in volleyball players can make it possible to use this parameter as a reliable predictor of fatigue caused by overtraining. Masi et al. [6] have shown that the objective measurement of the tone, tension, and
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Pol. J. Sport Tourism 2018, 25, [20] [21] [22] [23] [24] mechanical properties of the muscles, such as their elasticity and stiffness, can allow for the effective identification of overload states and significantly reduce the risk of contusion. An increasing number of studies conducted with respect to this issue have confirmed that there is a need to monitor muscle stiffness in athletes who are exposed to high training loads [7] [8] [9] [10] .
The research conducted so far has sought to characterise the parameters of the thigh muscles in the same limb and thus to determine the risk of injury or to assess existing injuries. It seems that it is also important to compare the level of the stiffness of the thigh muscles in the left and right limbs in order to identify irregularities, but in order to do so, it is necessary to define the acceptable level of asymmetry between the two sides of the body. Determining the level of the stiffness of the thigh muscles may help to determine the threshold training load which if exceeded, can lead to the players sustaining microtrauma or contusions of the muscles.
The literature reviewed has not investigated athletes exposed to high training loads. Establishing the level of the stiffness of the thigh muscles and the degree of asymmetry between the left and right limbs not only is important from a cognitive point of view but also has practical applications, since it can make it possible to improve the planning and implementation of the training process and effectively solve problems related to overtraining in athletes. The aim of the current study was to determine changes in muscle stiffness in the left thigh compared to the right thigh during six weeks of plyometric training in volleyball players.
Material and methods
The study involved 16 volleyball players of the Opole University of Technology Academic Sport Union Club (AZS Politechnika Opolska). The subjects (age = 21.12 ± 1.66 years, height = 191.62 ± 5.73 cm, and weight = 86.25 ± 6.66 kg) played in the second league and had at least five years of competitive experience (7.5 ± 2.44 years). In the first week of the study, when the plyometric training began, the entire team participated in the training. However, due to the injuries and contusions sustained and unforeseen reasons, only 8 players took part in all of the training sessions organised over the course of the sixweek programme, while the remaining players failed to attend at least one of the sessions. The team consisted of 11 players who played in offensive positions (3 middle blockers, 5 receivers, and 3 attackers) and 5 players who played in defensive positions (3 setters and 2 liberos). All the players were healthy and were qualified for the tournament as they fulfilled the requirements of its organisers. The protocol of the study was approved by the Research Ethics Committee of the University School of Physical Education in Wroclaw. Before participating in the training programme, the players were informed about the aim of the study and its procedure, and they gave written consent to participation in the study. The homogeneity of the group was assessed based on the standard deviation of the BMI value, which did not exceed 10% of the arithmetic mean for all of the players (BMI = 23.47 ± 1.68).
Procedure of the study
The measurements were performed between October and November, at the beginning of the preparatory period (at 4 weeks) and at the beginning of the competition period (at 2 weeks). The volleyball team trained 5-6 times per week, with each session lasting 90-120 minutes. This included specific volleyball training, practice matches, and regular matches.
The plyometric training was composed of 60-minute sessions that were preceded by specific 10-minute warm-ups.
The warm-ups consisted of the exercises listed below.
• Exercises involving jogging across the sports hall included the following: -different types of arm swings; -different types of arm circles; -forward bounding run with arm swings and circles; -side step with arm swings and circles.
• Exercises involving marching across the sports hall included the following: -different types of lunges; -different types of leg swings; -different types of bends; -lunges with arm swings; -dynamic stretching in place of legs, arms, shoulder girdle, pelvic girdle, and trunk; -speed training in the form of skipping, multiple jumps, bounds, and accelerations preceded by running in place. The programme that was implemented (the main part of the plyometric training) consisted of different types of hops and vertical and horizontal jumps performed with varying intensity, speed, and direction. This programme was used twice a week (on Mondays and Wednesdays), and during the remaining days of the week, the players underwent specific volleyball training designed by the coaches and played some practice matches. During the competition period, the players played regular league matches (on Thursdays and Saturdays). All of the players who participated in the study also performed work related to their everyday activity, but, due to its low intensity and irregularity, this work did not have an influence on the training process. The entire plyometric training session lasted from 70 to 90 min and comprised a specific warm-up, the main part (Tab. 1), and 10-minute recovery. The recovery part included jogging, static stretching in a standing and sitting position, and rolling of the lower limb muscles. Measuring muscle stiffness using MyotonPRO The procedure of the study included three measurements performed once a week over 6 consecutive weeks of plyometric training (before the warm-up): in week 0, week 4 (the effects of the training completed in week 3), and week 6 (the effects of the training carried out in week 5).
Each time before the measurement started, the points above particular muscle bellies and attachments were marked (Fig. 1) , and the same points were used in all of the measurements. The device was placed perpendicular to the points marked on the skin according to the order shown in Figure 1 . Stiffness was measured before the training (before the warm-up) for 15 points. • The measurement points for the anterior thigh muscles were as follows: -point 1 -upper part of rectus femoris; -point 2 -lower part of rectus femoris; -point 3 -tensor fasciae latae; -point 4 -upper part of vastus lateralis; -point 5 -middle part of vastus lateralis; -point 6 -lower part of vastus lateralis; -point 7 -vastus medialis.
• The measurement points for the posterior thigh muscles were as follows: -point 8 -upper part of biceps femoris; -point 9 -middle part of biceps femoris; -point 10 -middle part of biceps femoris; -point 11 -lower part of biceps femoris; -point 12 -upper part of semitendinosus; -point 13 -middle part of semitendinosus; -point 14 -middle part of semitendinosus; -point 15 -lower part of semitendinosus. The measurements of muscle stiffness lasted approximately 65 minutes. The players came to the assessments in groups of five every 20 minutes, an hour before the plyometric training. The measurement points were identified, and the assessments were performed in a lying position on a physiotherapy table in a room next to the sports hall. The measurements were A) 
C) D)
performed by the same person over six consecutive weeks, so as to avoid errors having to with marking the points and using the measurement device. Individual assessments lasted up to 4 minutes, and the participants underwent them in a random order since this order did not have an impact on the results recorded for muscle stiffness.
Statistical analysis
The statistical analysis was performed using mean and standard deviation values. The Shapiro-Wilk test showed that the distribution of data for all of the variables examined was normal. The levels of stiffness of particular muscles in the left and right limbs were compared against each other using an unpaired Student t-test, and effect size was estimated using Cohen's d [11] .
Results
The analysis of stiffness levels in 7 points in the anterior parts and 8 points in the posterior parts of the thigh (Fig. 2) revealed significant differences between the points in the left and right limbs only in the posterior muscles. Significant differences (p < 0.05) were observed for the semitendinosus immediately before the experiment started, whereas in the fourth and sixth training session, the differences were insignificant. In measurement point 12 ( Fig. 2A) , the difference in muscle stiffness was 33.9 AU before the experiment, 11.4 AU in the fourth week of training, and 19.8 AU in the sixth week of training, whereas in point 13 (Fig. 2B) , it was 37.4 AU, 18.5 AU, and 10.4 AU, respectively. In measurement point 14 (Fig. 2C) , the difference in muscle stiffness was 46.9 AU before the experiment, 0.3 AU in the fourth week of training, and 11.1 AU in the week of training, while in point 15 (Fig. 2D) , it was 40.6 AU, 3.6 AU, and 4.2 AU, respectively.
Discussion
The programme of assessing muscle stiffness presented in the current study offers new opportunities for the non-invasive examination of the properties of the muscles in athletes exposed to training. It may be an important contribution to the existing body of knowledge, especially that there are several clinical studies examining the parameters of muscle tone and the mechanical properties of the muscles [12] [13] [14] [15] [16] ; in these studies, the muscles were stimulated mechanically or electrically, and the responses of muscle tissue were analysed.
The results of the measurement in this study have also revealed other interesting facts. The stiffness values recorded for the anterior and posterior thigh muscles may suggest that the adequate selection of loads in plyometric training does not cause disproportions in the stiffness of these muscle groups in consecutive weeks of training. On the contrary, after the training was completed, no significant asymmetries were found in the level of stiffness of the anterior thigh muscles. Previous studies [6] have confirmed that the objective measurement of the tone, tension, and mechanical properties of the muscle, such as its elasticity and stiffness, make it possible to effectively identify overload states and significantly reduce the risk of contusion, which occurs in particular when the training loads have not been adequately chosen.
In addition, we observed statistically significant asymmetry in the stiffness of anterior and posterior thigh muscles before the plyometric training commenced; the values decreased in subsequent weeks of the training, which is a desirable effect [3] . In the case of the current study, it can be surmised that appropriate proportions between the workloads used during training, the competition loads, and active recovery made it possible to increase symmetry in the stiffness of the left and right lower limb muscles, even with high loads imposed on the players' bodies.
Our study revealed significant asymmetry in the stiffness of posterior thigh muscles compared to that of anterior ones. From a physiological point of view [17] , the "dynamic-passive" mechanism that is responsible for the stability and mobility of the entire neuromuscular system is constantly receiving feedback concerning the elasticity-and contractility-related properties of the muscle. Muscle stiffness increases stability in the joint, simultaneously increasing the energy cost of this mechanism [18] [19] [20] . On the other hand, some authors [21, 22] have reported that an increase in muscle stiffness can be conducive to reducing the energy costs of the above-mentioned mechanism owing to the storage of kinetic energy through the stretching of the muscle and the partial return of the energy when the return motion starts, for example during plyometric training. Taking into account the training macrocycles completed by the players before the study, some probable causes of our findings are the following: a) the inadequate implementation of training loads and the accumulation of competition loads from the previous competition period combined with a lack of proper recovery, b) a lack of physical activity during rest in the transition period before undertaking plyometric training, and c) the difference in technique between the jumps performed as part of plyometric training and those performed using volleyball-specific technique.
The results of the study have confirmed the usefulness of the Myoton Pro device, which makes it possible to quickly and directly assess the level of muscle stiffness after plyometric training. This method may deliver information as to the players' level of fatigue. The use of particular exercise methods and physical loads caused a decrease in the initial differences in the stiffness of the thigh muscles of the two limbs, improving the symmetry between them. Since valuable information has been gained in the study, it seems worth examining the asymmetry in the stiffness of the shoulder girdle and upper limb muscles, which typically work asymmetrically during specific exercise performed in volleyball matches. The measurements of muscle stiffness can be effectively used to assess potential imbalances between the muscles of the two legs and adjust training loads.
Examining athletes of both genders, practising on a professional and amateur level, and exposed to optimal and maximal loads can help determine the range of threshold muscle stiffness values and differences in stiffness asymmetry in particular muscle groups. Exceeding such threshold values could put the players at risk for micro-trauma and, as a result, contusions. The results the measurement of muscle stiffness can be successfully used to assess imbalances between the muscles of the two limbs and correct training loads. Monitoring changes in muscle stiffness after a contusion makes it possible to select an adequate form of physiotherapy and allows for an optimal return to training. The study demonstrated that a six-week plyometric training programme with high loads can improve symmetry in the level of the stiffness of the thigh muscles, which can help prevent contusions and, at the same time, enhance performance.
